Abstract: The Platinum-bearing
The convergence of the East European Craton (EEC) and the Siberian -Kazakhstan terrane assemblage that ultimately led to the formation of the Urals mountain belt at the end of the Palaeozoic was preceded by closing of the Uralian Ocean that separated the various continental masses. Remnants of oceanic lithosphere that became trapped along the suture between the colliding continents provide important time markers for the pre-collisional history of the orogen. Ophiolite complexes are numerous in the Urals (Savelieva & Nesbitt 1996) and crop out in the hanging wall of the Main Uralian Fault (MUF), the main suture zone that runs the entire length of the mountain belt (Matte 1995) . These massifs appear as lens-shaped bodies mainly of lherzolitic and harzburgitic composition elongated parallel to the MUF (Savelieva et al. 1997) . The continuity of the belt and similar structural position of the massifs (i.e. allochthonous position overlying either the Precambrian basement or Palaeozoic sediments of the EEC margin) suggest a common origin. However, whereas some massifs show a nearly complete petrological association typical of ophiolite sequences, others lack the upper gabbro, sheeted dyke and lava complexes, and crop out as zoned plutons of mafic -ultramafic rocks. Thus, it is unclear whether the c. 2000 km long oceanic terrane exposed in the Urals represents fragments of a single extensive dismembered ophiolite (where, in some cases, the upper lava complexes have been removed by tectonic processes) or whether some massifs are remnants of island-arc terranes derived from the Uralian Ocean and progressively telescoped with the EEC margin. Despite their importance in understanding the evolution and destruction of the Uralian Ocean and thus the earliest evolutionary stages of the Uralide Orogen, isotopic age information is sparse on these complexes. Most of our knowledge is from a few isotopic datings on Alaskantype zoned mafic-ultramafic complexes located in the Uralian Platinum-bearing Belt (UPB; Ivanov & Kaleganov 1993; Bea et al. 2001; Ronkin et al. 2003) , and from typical ophiolitic massifs displaying well-developed plutonic and volcanic units, such as the Kempersai (Southern Urals) and Voykar massif (Polar Urals) (Edwards & Wasserburg 1985; Sharma et al. 1995; Melcher et al. 1999) . In this study, we present conventional U-Pb single-zircon analyses and U-Th -Pb in situ secondary ionization mass spectrometry (SIMS) analyses for a pegmatitic gabbro of the Kumba massif, which crops out in the Uralian Platinum-bearing Belt. The significance of these results is discussed in relation to the available isotopic data from other massifs in the Platinum-bearing Belt and from other occurrences along the Main Uralian Fault in an attempt to understand the evolution of the Uralian Ocean.
Geological setting
The Uralian Platinum-bearing Belt (UPB) forms a giant structure exposed in the Central and Northern Urals (see Fig. 1a ). It is located east of the MUF where the suture sector widens and is characterized by the abundance of zoned mafic-ultramafic complexes. These massifs are similar to Alaskan-type complexes (Irvine 1967) and show the typical association dunite-clinopyroxenite-gabbro (DCG units of Fershtater et al. 1997) . The UPB consists of a series of 13 rounded to elongated massifs forming a discontinuous but linear elongated zone, which crops out for a distance of about 900 km (Fig. 1a) . The mafic-ultramafic bodies are associated with rocks of the Tagil Zone, which consists of Early Ordovician to Early Silurian volcanic and volcano-sedimentary units, tectonically associated with shelf-facies and continental-slope deposits. They commonly developed a thermal aureole in the volcanosedimentary sequences (Savelieva & Nesbitt 1996) . The massifs are mainly composed of gabbros (olivine gabbros, gabbro-norites, clinopyroxene-hornblende gabbros), and also of clinopyroxenites, wehrlites, dunites, pegmatitic gabbros and plagiogranites (Fig. 1b) with a progressive magma differentiation from dunite through wehrlite-clinopyroxenite to gabbro. Sharp compositional changes of rock associations suggest that intrusions were pulsating . In the study region, field relationships indicate a complex allochthonous association with at least two main nappe systems. Structurally lower units consist of Late Ordovician to Early Silurian deposits of palaeo-oceanic affinities (greenstone basalts, metacherts, psammitic and pelitic tuffs, along with tectonized relics of possibly Ordovician ophiolites), whereas the structurally upper system is composed of a stack of tectonic slices. These are composed of volcano-sedimentary and volcaniclastic terrigenous units of Late Ordovician to Early Silurian age in contact with and apparently intruded by the mafic-ultramafic bodies of the UPB (Savelieva & Nesbitt 1996) .
Sample description
The Kumba massif is located in the centre of the UPB, and is one of the smallest of the 13 massifs of the belt. The general shape of the Kumba massif is a 308E dipping oval form. This massif consists of the typical association of dunite and clinopyroxenite enclosed by gabbros and gabbro -norites (Fig. 1b) . In the northern part, it mainly consists of olivine-anorthite gabbro with rare pyroxenites, the central part contains gabbro-norites, and the western part comprises dunites, pyroxenites and some metamorphic products.
The study sample is an amphibole pegmatitic gabbro enclosed in gabbro-norites. The mineralogical assemblage consists of plagioclase, clinopyroxene, orthopyroxene, hornblende, spinel, ilmenite and magnetite. The sample is fresh without evidence of alteration. Zircon appears as a scarce accessory mineral in this rock and more than 50 kg of rock fragments have been crushed to perform this study.
Analytical procedures
The minerals were prepared for U -Pb analyses according to standard techniques (e.g. Bosch et al. 1996) where only the best quality zircons (non-magnetic and free of visible inclusions and fractures) were selected for analysis. For thermal ionization mass spectromery (TIMS) analyses, single grains were weighed on a Cahn electrobalance and then processed according to Bosch & Bruguier (1998) . Total Pb and U blanks over the period of the analyses were ,15 pg and ,5 pg (+50%), respectively. The isotopic composition of radiogenic Pb was determined by subtracting first the blank and then the remainder, assuming a common Pb composition at the time of initial crystallization as determined from the model of Stacey & Kramers (1975) . Isotopic measurements were carried using on a VG Sector mass spectrometer at the University of Montpellier II, with a Daly detector. SIMS analyses were carried out on the same zircon population as was analysed by TIMS. The grains, together with chips of standard zircon, were mounted in epoxy resin and polished to approximately half their thickness to expose internal structure. UTh-Pb analyses were performed with an elliptical spot size of about 25 mm Â 35 mm on the CAMECA IMS 1270 ion microprobe at the CRPG Nancy (France), following the technique outlined by Deloule et al. (2001) . Isotopic ratios were measured with a primary O 2 beam of 10 nA at a mass resolution of c. 5000, at which no significant interferences on the Pb, U and Th isotopes were detected. Oxygen flooding was used to enhance sensitivity. Under these operating conditions, the sensitivity for Pb isotopes was c. 20 cps per ppm per nA of primary beam. Pb/U ratios were normalized using quadratic working curves, to values measured on the G91500 standard zircon (Wiedenbeck et al. 1995) . Common Pb was corrected using measured 204 Pb and a composition taken from the model of Stacey & Kramers (1975) . Corrected isotopic ratios, regression lines and intercepts were calculated according to Ludwig (1987) . Decay constants are those recommended by the IUGS Subcommission on Geochronology (Steiger & Jager 1977) .
Results
Zircons occur as a uniform population of large (.100 mm) colourless translucent grains. They show euhedral shapes with sharp angle terminations, often interrupted by irregular boundaries (see left upper termination of grain B in Fig. 2 ), which we interpret as reflecting late magmatic crystallization in a small melt volume adjacent to already crystallized minerals. SEM images of polished surfaces ( Fig. 2a and b) show that the grains exhibit almost structureless internal domains, although irregular, broad-banded zoning can be recognized, which is often observed in magmatic zircons from mafic lithologies (e.g. Rubatto 2002 ). All grains have high U concentrations ranging from c. 200 to 2000 ppm (see Tables 1  and 2 ). These U contents are surprising for zircons from gabbroic rocks, which usually have U concentrations in the range 50 -400 ppm (Schärer et al. 1986; Pedersen & Dunning 1997) , but concentrations up to 6000 ppm have been reported (Dunning & Pedersen 1988) . This is likely to reflect a large degree of differentiation before zircon crystallization, consistent with the pegmatitic nature of the rock studied and with crystallization of the zircon in the latest stages of the magmatic evolution.
Four of the six grains analysed by TIMS were air abraded (Krogh 1982) to minimize Pb losses. On a concordia diagram (Fig. 3a) , the abraded grains cluster close to concordia and, with the two unabraded grains, yield a discordia line with upper and lower intercept ages of 424.9 + 2.7 Ma and 226 + 8 Ma (MSWD ¼ 0.72). The unabraded grains (Zr5 and Zr6) are discordant, which indicates Pb loss. The near-zero lower intercept indicates recent, surface-correlated, Pb loss rather than an ancient, metamorphic disturbance of the U-Pb system of these zircons. The high degree of concordance of the abraded zircons and the magmatic morphology of the grains indicate that the 424.9 + 2.7 Ma intercept age corresponds to the age of zircon growth during crystallization of the pegmatitic magma.
Sixteen SIMS analyses were performed on 14 grains, which displayed Th/U ratios typical of magmatic zircons (Th/U . 0.1; after Williams & Claesson 1987) . Overall, the SIMS analyses yielded a pattern consistent with the TIMS results (Fig. 3b) . Although all analysed grains are concordant within error margins, spot analyses yield a tendency to scatter along the discordia between 390 and 430 Ma, suggesting that the grains have undergone various degrees of Pb loss. The best age information is thus given by a discordia line where the upper intercept with the concordia is 419 + 10 Ma. This age is slightly younger, but within error, of the more precise TIMS age, which is interpreted as our best estimation of the age of the Kumba gabbro.
Discussion and conclusion
The Wenlock U-Pb zircon age of 424.9 + 2.7 Ma obtained for the Kumba gabbro provides a new time constraint for the formation of the zoned mafic-ultramafic massifs that crop out in the UPB, which has implications for the early evolution of the Uralide orogen.
Available geochronological data for mafic and ultramafic bodies of the UPB are sparse and limited to K-Ar ages of minerals from gabbros of the Kachkanar massif (Ivanov & Kaleganov 1993) and to recently published Pb-Pb evaporation and SIMS U-Pb zircon ages from a dunite of the Kytlym massif (Bea et al. 2001) . The latter study resulted in the discovery of inherited zircons, but no firm age was proposed for emplacement of the massif. Excluding very old grains (Proterozoic and Archaean in age), the data yielded Bea et al. (2001) are in good agreement with our proposed age. The observed discrepancies may be explained in two ways, which have different geodynamical implications.
(1) The Kumba and Kytlym massifs are contemporaneous and the continuum of ages observed for the Kytlym dunite zircons by Bea et al. (2001) reflects varying degrees of recrystallization and associated lead loss of a zircon population that crystallized at c. 425 Ma. This is consistent with some of the SEM images provided by Bea et al., which show oscillatory zoned areas interrupted by unzoned patchy domains. Because the zircon lower intercept for the Kumba massif is nearly zero, recrystallization and Pb losses in the Kytlym massif should be related to a local phenomenon. Late gabbroic or granitic intrusions associated with locally developed high-temperature plastic deformation have been observed in the Kytlym massif and may have driven recrystallization and associated lead loss in the 425 Ma zircons. However, this would result in an episodic disturbance of the zircon U-Pb system instead of the continuum of ages observed by Bea et al. (2001) . This continuum of ages, on the contrary, requires multiple resetting of the U-Pb zircon ages in the Kytlym massif during a protracted time interval. The occurrence of metasomatized ultramafic rocks around the massifs and particularly around the Kytlym massif, where the so-called kytlymite developed at the expense of basement country rocks, indicates fluid flows associated with metasomatic episodes. Leaching of radiogenic lead and/or low-temperature recrystallization or dissolution -reprecipitation processes through fluid flow under experimental (Geisler et al. 2002) or natural (Högdahl et al. 2001 ) conditions can, episodically, strongly disturb the U-Pb systematics of zircon. However, this requires that the zircons in the Kytlym dunite have responded nonuniformly to a common history, a possibility that could be explained by proposing that some zircons may have been armoured against Pb loss by incorporation in other grains, such as large olivine crystals. (2) The age difference between the two massifs is evidence that the UPB contains an association of mafic-ultramafic rocks that formed over a long time interval ranging from the Mid-Silurian to . The geochemical signatures of mafic and ultramafic rocks of the Kytlym massif show island arc-like composition, interpreted as evidence for a suprasubduction-zone setting (Bea et al. 2001) . The geology of the surrounding Late Ordovician to Early Silurian volcanosedimentary and volcaniclastic units of the Tagil Zone is consistent with this view. Combining the ages of the two massifs would therefore reflect a long-lived island-arc history of about 60 -70 Ma. Alternatively, the two contrasting ages could also indicate a more complex history in which the c. 425 Ma Kumba massif represents remnants of a Mid-Silurian oceanic lithosphere on top of which a Late Devonian-early Tournaisian arc, represented by the Kytlym massif, subsequently developed. Although further studies are needed, all the massifs in the UPB have similar characteristics and the latter hypothesis is thus considered unlikely.
Existing models for the Palaeozoic tectonic development of the Uralides involve break-up of the EEC margin and initiation of the opening of the Uralian Ocean during Ordovician times, at c. 480-500 Ma (Zonenshain et al. 1984; Fershtater et al. 1997) . The subsequent evolution of this oceanic domain is characterized by the building of several volcanic island arcs within or peripheral to the Uralian Ocean. Several independent lines of evidence concur with a Silurian age for the UPB. The schematic distribution of the Uralian magmatism in space and time given by Fershtater et al. (1997) , in particular for rocks of the dunite-clinopyroxenite -gabbro series, is in very good agreement with the Wenlock age of the Kumba massif. Those researchers indicated a Late Ordovician-Early Silurian age for rocks of the suture sector, east of the MUF, including the UPB. Lastly, K-Ar ages of amphiboles and phlogopites from clinopyroxenites and gabbros of the Kachkanar massif, south of the Kytlym massif, range from 420 to 430 Ma, and a mean amphibole age of 423 + 3 Ma was proposed for the gabbroic rocks (Ivanov & Kaleganov 1993) . Further north, the Chistop massif yielded a Sm -Nd isochron age of 419 + 12 Ma (Ronkin et al. 2003) . All these ages are similar to the U-Pb zircon age of the Kumba massif.
Given the similarities between all the massifs of the UPB and the suprasubduction-zone setting of the Kytlym massif, we currently favour a model in which the UPB represents remnants of an island-arc oceanic lithosphere that existed in Mid-Silurian times, or earlier, by subduction of the Uralian oceanic domain. In Early Silurian times, anticlockwise rotation of Baltica (Torsvik et al. 1996; Torsvik & Rehnstrom 2001; Roberts 2003) may have been accommodated by subduction of the Uralian oceanic domain and development of an island arc. The Mid-Silurian UPB could have formed in such a geodynamic setting, contemporaneously with the Sakmara arc of the Southern Urals (Zonenshain et al. 1984) . The 425 Ma U-Pb zircon age of the Kumba massif would thus represent a minimum age for early contraction processes and for onset of the closure of the Uralian oceanic domain. According to model (1), the UPB island arc may have been short lived and would thus represent closure of a discrete marginal basin of the Uralian Ocean. Conversely, a continuous arc history of the UPB implies the occurrence of a major arc whose lifetime (from 425 to 360 Ma), broadly corresponds to the time interval between the opening of the Uralian Ocean (480-500 Ma) and the beginning of its destruction (425 Ma). The currently available dataset of ages does not exclude either of these models. Nevertheless, the occurrence of gabbroic rocks (known as tilaites) dated at 340 + 22 Ma (Pushkarev et al. 2003) within the Kytlym massif, with a low 87 Sr/ 86 Sr initial ratio (,0.705), suggests that rocks of the UPB were still within an oceanic environment at that time. We thus consider model (2) more likely, and suggest that the UPB represents a long-lived island arc (and its associated marginal basin) that has been preserved from the sequential subduction -obduction cycles and particularly from the Late Silurian-Early Devonian westward obduction events, during which the MUF already acted as a major thrust (Matte 1995; Echtler et al. 1997) .
Available geochronological information from other ophiolitic fragments that crop out along the MUF allows a direct comparison with massifs from the UPB. A Sm -Nd age for the Kempersai massif in the SW Urals is 397 + 20 Ma (Edwards & Wasserburg 1985) , consistent with the 394-427 Ma age range yielded by Sm-Nd mineral isochrons from various lithologies in the same massif and with a 420 + 10 Ma Pb/Pb apparent age on one zircon fraction (Melcher et al. 1999) . The Voykar massif in the northeastern Urals yielded a less precise younger, but identical within error, Sm -Nd age of 387 + 34 Ma (Sharma et al. 1995) . Lastly, although its age is not precisely known, the Mindyak ophiolite in the Southern Urals formed before 414 + 4 Ma, the age of peak metamorphism affecting this massif (Scarrow et al. 1999) . All these dates are identical to or within the limits of error of the ages available for the UPB and, given the large errors on most dates, no significant age discrepancies can be detected for the various oceanic fragments. In the light of the present dataset, this would suggest that the fragments of oceanic lithosphere preserved in the hanging wall of the MUF may represent a single ophiolite, tectonically dismembered during collision of the continental masses, rather than an assemblage of various oceanic and arc terranes brought together subsequently during the final stages of the evolution of the Uralide orogen. As the closure of the Uralian Ocean began as early as the Mid-Silurian, it may thus show similarities to the closure of the Iapetus Ocean in the sense that the earliest stages of contraction of the Uralian Ocean may be the counterpart of the rotation of Baltica that preceded the main Scandian continent collision with Laurentia.
